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Abstract. —Ferns of the genus Marsilea (water clover) are potentially invasive aquatic and wetland 
plants. They are difficult to identify to species because of subtle diagnostic characters, the sterile 
condition of many specimens, and unresolved taxonomic problems. We sequenced four plastid 
regions (rbcL, rps4 , rps4-trnS spacer, and trnL-F spacer) from 223 accessions across ca. 38 species. 
Our goals were to: 1) attempt to identify problematic Marsilea specimens from the southeastern 
U.S., and 2) assess species delimitation using molecular data. Florida specimens previously 
identified as Af. aff. oligospora do not match true M. oligospora (native to the western USA), and 
might represent an undescribed native species. The molecular data fail to resolve many species as 
monophyletic within the New World Marsilea section Nodorhizae . The data reveal two strongly 
supported clades within section Nodorhizae : 1) A western U.S. /Mexican clade: and 2) A U.S. Gulf 
coastal plain/Florida/Caribbean clade. This DNA/morphology discordance suggests that these taxa 
either may have hybridized extensively or that the number of Marsilea species within these clades 
may be overestimated. Either case warrants the addition of nuclear data sets and reevaluation of the 
species boundaries within the genus. 

Key Words. — Marsilea , phylogenetics, plastid, species delimitations 


Marsilea L. (ca. 50 spp.) occur worldwide as two ecological types: 1) true 
aquatic species with glabrous leaves and fleshy rhizomes that inhabit more 
permanent water bodies, and 2) semi-aquatic species with hairy leaves and 
tough, fibrous rhizomes that prefer fluctuating wetland habitats and prevail 
through seasonal extremes in wet and dry periods (Jacono and Johnson, 2006). 
Marsilea have few dependable morphological characters on which to base 
species-level identifications. Phenotypic plasticity is widespread, and sporo- 
carps, which contain many characters used for species delimitation, are 
commonly absent in field populations. Because identification of Marsilea 
based upon morphology is so difficult, molecular data might provide more 
reliable tools for identification. 

The impetus for this study was an applied resource management need to 
clarify the identity of three western North American species of Marsilea in 
Florida (Jacono and Johnson, 2006). Marsilea vestita Hook. & Grev. and Af. 
macropoda Engelm. ex A. Braun have been regarded as introduced to eastern 
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North America based on their disjunct and widely scattered populations at 
ruderal sites in Gulf coastal Alabama and Florida. A third species, centered on 
three central Florida counties, was tentatively identified as M. aff. oligospora 
Goodd. (Jacono and Johnson, 2006] based on sporocarp morphology; however, 
Marsilea oligospora is a semi-aquatic North American species otherwise 
endemic to the northern fringe of the Great Basin. Variation was noted between 
the Florida and the Great Basin material and it was difficult for the authors to 
speculate how a geographically restricted plant with no known economic 
value might have become established in central Florida over 100 years ago. The 
great difference in climate between northwestern U.S. and Florida added to 
our suspicion that these were two different taxa. These Florida M. aff. 
oligospora were first collected in the early 1890s near Eustis, Florida, and their 
determination has vacillated from M. vestita , an introduction from the western 
U.S. (Ward and Hall, 1976) to M. ancylopoda A.Braun, a rare and potentially 
extinct native species (FNA, 1993). 

Here we use DNA sequences of four plastid regions ( rbcL, rps4, the rps4-trnS 
spacer, and the trnL-F spacer) to expand upon the recent molecular phylogeny 
of Marsilea (Nagalingum et al., 2007), using a greater sampling of North 
American specimens. Our first objective was to determine the status of the 
Florida plants assigned to M. aff. oligospora. We surveyed all known 
populations of Marsilea within Florida and compared them to all U.S., 
Mexican, and Caribbean species, as well as Marsilea species common in the 
aquatic plant trade that are established in the southeastern U.S. These data will 
provide a baseline for evaluating M. aff. oligospora in Florida and for 
distinguishing future introductions of Marsilea . Our second objective is to 
assess species monophyly using multiple accessions of each species, 
particularly for the North American specimens assigned to Marsilea sect. 
Nodorhizae. 


Materials and Methods 

Thirty-three samples were included from Nagalingum et al. (2007), and are 
distinguished by the GenBank prefix DQ; the remainder were generated in this 
study (Table 1). Because Florida collections of M. oligospora were hypothe¬ 
sized to be introductions from the western U.S. (Jacono and Johnson, 2006), we 
included as many specimens as possible from western states. Species not 
present in the Nagalingum et al. (2007) study include M. coromandelina 
Willd., M. costulifera D.L.Jones, M. crenulata Desv., M. deflexa A.Braun, M. 
exarata A.Braun, M. fournieri C.Chr., M. hirsuta R.Br., M. mexicarta A.Braun, 
M. mucronata A.Braun, M. scalaripes D.M. Johnson, M. tenuifolia Engelm. ex 
Kunze, and M. uncinata A.Braun. 

Samples were taken from herbarium specimens. Leaf samples (ca. 25 mm 2 ) 
were ground using a tissue mill and extracted using a modified version of the 
2X CTAB procedure of Doyle and Doyle (1987) with exclusion of beta- 
mercaptoethanol and inclusion of 5 units of proteinase K. Primers for rbcL 
were designed to allow amplification and sequencing in two overlapping 


1 16 


AMERICAN FERN JOURNAL: VOLUME 102 NUMBER 2 (2012) 


be 


i— 

m 


"C 

g 

ft 

03 


“ 


G 




- 'O 

P jr 

ii m 

c s 

o ao 

■ m. 


UJ 


G3 

i-. 


— 03 


[1 
p ^ 


vv 


03 

03 


03 


J 


r 



Q vi 


03 

*4 

33 


G 


t 


g — 


cc 


VW 


g: 


cc 



DC 


ft 


T3 =0 

C CM 

3 I 

jJ* m 

~ VI 

03 ” 


03 


2 


DO — 


Z 


w X 


— D> / 


DC 


* - 03 


co a -- 


CD 


C 

= 


*"* - 


CC 

u 

: 

-J 


03 

C 

a 


03 

o 

a 

03 

T3 


03 

ex 


-G 

CJ 


03 03' 


f i 

w 

c/j 


03 


o 

CJ 

>< 




03 

JD 

c 

E 

4 • 

J 

Cx- 


co 

CU 

G 

cc 

CO 

* • 

X 

H 


DC 

Z 

u. 

O 

a 

03 


03 

CO 

3 


03 


— PU 


• * 


J ~4 

ct. 


cc 

03 03 DC 

03 

03 
# 

ca 

co 


* * 

,—3 

Li- 


^ ,2 D 


o 

2 


< < 


< 

co 

_ 


< < 

co co 

D 


v 

co 

_ 


< 

CO 

D 


< 

co 

3 


< 

CO 


3 

U 

X 

3 


o 

u 

*>< 

03 

s 


pO 

o 

U 


3 

a 

u 

S 


cd 

3 

£ 

CC 

Q 

t/3 

W 


* * mm 


< 

o 


< 

CJ 


Li- 


-3 

C 

CO 

u 

03 

w 

tv 


u 


1/3 r-, 

ft3 3 


CO 

* • 

— 


_ p 
op ^ 

3 03 

3 a 


n * 


^ < 
O O 


3 

P"4 

* m 

< 

O 


2P c 

C 3 
£ .2 
-3 “2 

a 60 

co 


Op 

cc O _ 

-! U £5 



- 

cc 


v 

x 


o a 


• * 


< to 

O 2 


< £ 
^ j 



H c 

co -J4 

- 



03 03 3 3 

vV -*! G4 G4 

•x rs cc cc 


Pu 


ii 


nJ 

< < Pu 


J44 J 

Pu CiH ^ r 


< < 
co co 

D D 


< 

CO 

D 


< 

CO 

D 


v < 

CO CO 

D D 


< < 
CO CO 


CO 


< 

CO 


< 

CO 


< 

co co 


«< <£ <C < <* < 

co co co co co co 


© 


CM 

CD 

X 


PU 


CO 

< 




CD 

in 


rt 

uo 

00 

CO 

TO 

in 


-r 

03 

x 


iD 


vu 


x 


co 

ca 

s- 

03 

c 


CD 

CM 

co 


u 

03 

QQ 


x 



r^ 

m 

CM 

0 

o 

O 

u 

X 


l-C’ 

CD 

CM 

o 

G 

Q 

u 

X 


-r 

x 

X 

£- 

03 


>1 

X 

in 

(4 

03 


*v 


X 

P-H 

CO 


X 

JG 


G 

C2 


G 

Cft CM 
CD 
CD 

’Ex ^ 

2 9 

c 

Cxi 


3 

x 

G 

C 

eft 


< 




CD 

CD 


CO 

< 

ft 


CO 

< 

n4 

x_ 


CO 

< 

1 

E 


CO co 

< 

- 

M Li- 


CO 

< 


EX- 


CO co 

< < 
p4 nJ 

- ■ 1 ~ - ■ 


CO 

< 




'T 


-f 


- 40 


IT. LD 


'W 


D- 

iT^j 

in 

r. 


■—/ - 

-r 

£• 

X 

LD 


lC 


I s - r^ 

in 


in 

m 

x 

x 

co 

in 


M* 

CO 

X 

X 


X 

X 


«* 4 


¥ J -v 4 


Li- Li- 


X 

-r 

x 

CD 

X 

mi 


m 

Ll- 

CO 

iin 


m 


M 

x 

sa 

CD 

X 

LD 


m 

x 

X 

X 

X 

in 


** 4 * 

in 

E 

X 

X 

X 

X 


t D 


rf X rf 

in C/ 12 

'kin —_ Li- 


tS. 

X 

ao 

x 


W 4 

X 


¥ 4 

in 


X- Li- Li- Li. 


X 

in 

cn 


m 




t£2 


j 

m 


co 

10 


%■ p 


in 


Pu Li- U- 




• p 

LD 

E 

G 


X 

m 

03 

X 

X 

i_* 

Li- 

G 


CT 

LD 

X 

X 

X 

in 

Li- 


CM IV 

r^> X 

X X 

x x 
O' m 

S E 

X 

tv in 
a x 

CD 

X X 




V 4 


I f < 

m pl- 




'V' 


n 0 : 


LU 


ca CQ CQ 

< < < 


X 

m 


DC 




"Q 


- 

X 

2U 


V V , 

CJ ? 


v 

lT 


X X 

03 03 

* * 

E E 

C 03 
00 00 
c G 
— PJ 

q a 

“t: "G 
Q O 
G- G- 
O O 


X 

35 c 

rJ G 

-5 2 

X 0 Q 

00 

c -f* 

PU < 

a -2 

"c ^ 

c o J 

q Q, C 

2 


CJ 

G 




G 1 
G G 


*« fm 


0 , 

V3 


V 

£ 

G 


ft 

V 


ft 


03 


ft 

•— 


G 

03 




03 


s: 

G 


- 


5 


cd 

E 

j- 

03 

O 


CO 

< 


1 T 


ID 

T 


r t 

ts 

X 

X 


LD 

r- 

— 


X 

X 

X 

X 


s 

m 


G 


G 

03 


J*p* 

C 


m x tv x x 


n t m 




x 

X 

X 

G 

G 

O 

CJ 

cd 


03 


so 

X 

-r 


x x 

LD LD 

X c 

”f M* 


- j 

in 


m 

tv 

x 

x 


1* p 

in 


tv 


- T j 

X 

in 

U- 


03 

ft 


32 

s- 

G 

X 


G 

a 

cd 


x 

a 


a 


3 

f s 

co 


CM 

X 

X 


z 

a 

cd 


G 

ft 

t— 

03 

Q 

Q 

o 

u 


x 

x ^ 
9 ft 


03 

cs 


X 

o 

CM 


ft 

ft 


ft 


''I'l 


CM 

o 

x 




ft 

fc^. 

CO 

a 


■03 

co 

T3 

O C 
CU CJ 


G 

03 

m 


G 

U 

n 


x 

O 

x 

Q 

5 

a 


r-* CM 
tv 

X X LD LD 

G C C G 


C C 

p T f 1 

3 co 


o o 

u u 

ctl - x 


X X 

< <i 

_4 J 
Li- Pu 


X 

< 


X 

< 


Li- Li- 


X X 

< < 
J i—3 
Li- Li- 


xxxxxxxxxxx 

<<<<<<<<<<< 
JJJGGUJjj 
U-Li-PuLi-Li-Lx-Li-Li-Li. 


r- 


X 


-r 

x 

X 


X 

X 

x 

LD 


LD 
IV tv 


rv 

tv 


G 
rj« 


X 
X LD 


-r 

x 

LD 


oz 

tv 

© 


VI 

tv X 

x 


Li- — 


i»i- Li- Li- 


LD 

r- 


X -t* 
CD TO 

of i£ 

X 


D" 
- « 
LD 

' ^ 


X 

G 

-T 

X 

X 


CM 

X 

~1* 

X 

X 


r — 


-f 

■*v" 

% ^ 

X 
r- 


t^v X G w 

X 00 oc X 

D ^ t 
CD CD CD CD 
X X X X 


X 

tv 

X 


tv 

tv 

X 


tv 

X r-t 
VI C3 
X 


X 


CM 

X 

X 


X 

X' 

X 

X 


X 

C 0 ^ 
VI 03 
X 


V 

X 


■** 

X 


a he 

B E 


X CD 
X 


X 

x 

X 

X 


X 

Ft 


X 

X 

X 

LD 


IV w-j 

C X 
1 -H X 

X x 
X X 

Zf HI 

a: l^ 


X X 


Li- 


X 

X 

^ - 

X 


O' H? 
X 


LD 

X 

X 

X 

LD 


pQ 

x 


IV 

X 

X 


VI 


L T J 


v 1 J 


X 


X 

tv 


- Li- 


tv 

X 


X 
r- 


w 

TO 

X 


w - 

X 

X 

LD 


LD 


■ 


m J 

LD 


% 0 

TO 

X 


- j 

X 

LD 


G- Li. 


^ 0 

LD 

r- 


X X 


J 

- 


T LD X tv 


J 

% r J 


J 


X X 


% 4 


LD 

Li- 


in O u> 


x 

E 


w ^ 

LD 

rv 


m 0 


W 0 % 4 

LD LD 


w * 

X 

X 

JL 

Li, 


to -rfP 


X X 
- 






w 

w 


(p ^ p* ^ 


o 

^ ^ N 


* J 


V 

r 


# 

1 


-3 

G 


03 03 C3 03 
G G G G 



03 03 

2 2 





w. > 


G 

G 


G 

G 


U G 


w 

ft 

sj 

Dr 

^■p 


Q 

rs 


v: 

Q 


Q, 

Cr 

r> 


•2^ * *Z.^ 


E 




GCG 


03 G 


G 

G 

ft 


G G 


G G 

1 e 

C G 

2 2 


G 

ft 


fr* 


ft 


n 


ft 



ft 




ft ft ft 


tv X 


G 

CM 

o 


CM 

G 


VI 

VI 


X 

VI 


vi 

G 


X 

VI 


p 

p I 

— 


tv_ 

VI VI 


I 


tod) tod 





























Continued. 


WHITTEN ET AL.: MARSILEA PHYLOGENETICS 


117 


co 


*1 % 


o o ® 
S o o 


> 


05 

5 fe 


cd co n 

U CJ 


* * * * - * • 

*4 < < ^ 

j, in J J 


05 




►J 

Cl, 


C C 


fl 

CO 

fL 


d 

CO 


cfl 

Cjl 

* * » • • * 

i—4 i—3 

Ci, Ll Cl* 


op 

O C 

r 

o "c 

X5 (j 

vA f— 

*5 E3 

X 

■- * 

.. ry* 

Ll <1 


05 


CO 
r i 


C5 


C/3 


<d 


:z 

c 


c 

co 

Q} 

s- 

c 

* * 

< 


_ 


cO 

X 

V * 

Z 

H 


o 

U 


u 

V3 

“ 

— 

CO 

C/3 


Cx- 


05 

• i n»i p 

Q 

u 


* 


•S X3 

2 E 

C CO 

co u 

CA 

C— 


Ci, Cx* 


co 

05 


:A 

£0 

cS 

c 


CA 

£0 

c 


m cl a 

* • • * mm 

•— 3 

(l 1l Cl 


CO 

CL 

o 

u 

d 

CD 


* * 
N 
< 


CO 

CL, 

o 

JU 

'£> 

co 

s 

• * 

N 


CO 

— 

o 

C 

o 

C/3 

to * 

o 

u 

p- 

X 

05 

s 


< < < 

C/3 C/3 C/3 

D D 


< < < 

C/3 C/3 C/3 

X D 3 


<<<<<< , 

C/3 C/3 C/3 C/3 C/3 C/3 C/j 


^ <* <n 

C/3 C/3 C/3 C/3 C/3 


< 

C/3 

X 


< 

C/3 


< 

C/3 


<C 

C/3 C/3 C/3 C/3 


“*4 

C/3 


•05 


r i 


d 

o 

o 

CA 


t- 

C£ 




'w 

CJ 

CO 


X 

— 

05 


C - 

ca CU 

OC q5*j 


d 

Qj 

09 

05 



o 

5 

Cw 


X 

rf 


EA 

cc 


CA 


H PQ 


05 


x 

x 


CD 

ID 

X 

tx 

Cl 

o 

CA 


c ® c 

o 

r i 

5 


w 

r i 


~t 


X 

c 

o 

c; 


CO CO 


*? 

rt* 


VM 


tN, 

~T 

rn 


05 

T3 

- 

c/3 

U3 

CA 

c3 


N 

t'V 

T 


CA 

2 

E 

a 


05 


< 


P ^ 


o£J 

CA 


£-* H 


X Q Q P 


ct 

x 

N 

a 

CM 


CM 

x 

X 

fs. 

05 

1C 


o 

X 

« £ 
o5S X 


X 

ID C. 
X CA 


c c 


CO 


c: 05 

co CO 


H 



a 




m 


X 

m 

cm 


^ CO 
CA "d 


Cl, CD 

—? CA 


c < < 


r «i w p 


a 


co cd < 


-t 

© 

CO 

CO 


■■) 


co 

~2 

p 

CO 


Cv 

X 

X 


o 

w 1 

CO 


X 
J ; 

D 


03 

D2 


in 

x 

X 

o 


ro 


X 05 




C3 

CM 

*T 

r m 

E 

C0 

a 


aS D j dc 


CF3 CO 

O -r 

CM ' 

M 00 

CD ^ 

-X 05 

3 0£ 

CO 01? 


ft* 


x 


s. 


05 


< 

—: 
— 


C/3 

< < 


Ejl 


c/3 c/: 

< 


Ci, 


C/3 


U, 


C^ 


C/3 

< 


lL, 


C/3 

< 


C/3 

< 


C/3 

< 


2 2 2 Z 2 

2 2 2 Z Z 

W Cd W U3 

Phhh 


Z r 



rO 


r* 


upcofefefecoc/3coco 

iMt : < 


x 

— 


CD 


-r 






- # 

L~ 

— 


X' 

r: 

cr 

X 

X 

m 


CM 

w ' 


- 

X 

m 


ij 


x 


j 

m 


x c% 

CM O 


X X 
X X 

O LO 


X 

o 


X 


X 

m 


U* &u Ud 


X 

X 

X 

X 


i T 


fM 

t-s, in 


X 

CO X X 

of a « 

~ r ti. 


C^J 

r4 


W * 

X 

X 

tn 


x 

rj 

- <•> 

m 


xxx 


‘w * 


% ji 

X 




- ¥ 


*r x 


’T 't O' ’I' 


X 

X 

— 


H- V 4. y 


x 


M* 


% 4 


r- 


fn 




X 

fr . 


rf 

X 

X 

r*r 


r 


x 

X 


X c 

o 

Tf 
X 
X 

tl 


05 

X 


X 


in 

r7 


r- 


33 CJ5 


V * 

X 

X 


X 

ET 


L- L- 

CO 

a 




o 

a 

^5 CM 

cr 

^■x 

— X 

Cf HI 


M 

~ 




» #' 

X 


O'. 

C5 




X 


X X 

a c/ 

X X 


x 

r? 


X 

ST 


X X X X X X X X X X 


CM 

M 


V -P 

X 

Urn 


X 

X 


-f 


X 


*4 J 

CM 

4^ " 


% 4 

X 

X 


4 i 


C x ■ —. 


X 

X 

X 

X 


•m’J 

X 


Cjl, Cx, 


X 


X 

05 

X 

X 

X 


4 j 


^11 

X 


X X 

Of LO 


X 

1^4 

X 


«f 4f 

X 

Cjl 


X tt X o O 


05 

X 


* y 

X 


05 

CO 


X 

X 

X 


X 

05 

X 


X 


X 

X 


-1* 

X 

X 


— — 


c 

h4 


V 4 


X 


Ll Li, 


X 


S 0 

X 

X 


X 


X 

r. 


r 


x 

t 


* <4 4- .4 




gg^£ 


X 

X 

X 

X 


t>» c 
cm 

11 -C 
X x 
o X 

cy ^ 

X Ll 


x 

X 


r 




r^ 

w #> 

X 

El 


CM 

05 


CO 


u 1 


% V 

X 


X 

X 


X 

-f 


-r *o* 


X 

— 

M 


n 


r Q 

IM 


% 4 

X 

cy 


X 

X 

X 


' P 4 ¥ 


X 

a 

r 

3 

X 


X 

X 


:-•: 

3 

X* 


X 


U- Cjl U, Ci, 


co 

C/ 

- 


x 

o 

GO 

X 

X 

X 


05 

O 

X 

X 


c 
x 


X 


X 

X 


Cl, Cl, Ci, 


x 

X 

05 

X 

X 

X 


05 

05 

X 

X 

X 


4 4 4 4 

X X 

U, Cjl 


M- 1 

05 

X 


X 

Cjl 

t"4 


X 

X 


Cjl Cl Ll Cl 


cc 


r 

co 

EE 


c 

L 

CC 


r 

a 

u. 

CO 




< < < 


- 


X 


X 

“ 




p JP 

fN 


w w 


- m 


C! C 

o o 
d. du 

> M _r 

zr or 

^ » L 


# 

# 


A 

l*K 


m 


X 


05 C5 25 




0 ^ ot ^ 


A] 

Um 1 

u u o 

c« ^ ^ 


A 


o o o o 


l/3 


r 


A P» P Pp f 


C O 


L L 


4» ^ 


v* 


” 


a!2 oC >S 


C C 

p e* p«m 


00 

a 


D 

O 




p p 


00 00 00 - 

o c d 

i3 CjJ uJ 


c o a o 

"o "o *d c 

O O C3 X 1 

=L CL CL 


r . 


* 


CD 


03 


: sc ni 2 oc 


L 3 s 


o 

d« 


L 15 


A 


fj 

* 


50 


LX 41 Lr 


Ci 

#' 


CA 

f 




V3 

: .3 3 


— 


jA 


A 




m 




r 


x 


fc 4 * 4 to * to 4 


CM 

M* 


X X 


f - X O CD — ri 

*r *r "f x x x 

a x 


to 4 


*r x x x o; 

X X X X X X 


X 

a 


x -r x 

X X X 







118 


AMERICAN FERN JOURNAL: VOLUME 102 NUMBER 2 (2012) 






- 

CJ 

c 




; T 

o 

C 

o 

co 


x 

c 



U 

'5 

PC 
• • 
Q 

w 

■ pM 

X 

Qj 


O 




CJ 


X 



~ 


CJ 


u 

Q 

X 

13 



73 

x 

C 1 

03 

cd 

u 

X 

N 


o 

u 

x 

13 

S 


X 

■ 

X 

2Q 
• * 
o 
u 

v 

X 

x 


— 

= 

GO 

x 

c 

u 

O 


ra 

u 


G 

X 

co 

• • 

< 

CJ 


CO 

D 


o 

X! 

03 

r^, 

O 

73 

*3 

* J 


X 

c _ 

3 5 



r * 


co 9 


Z U 


< < 

CO cn 


o ~ 

Jj *— 

X S 
cj 
o 

U 


x 


o 


X 


QJ 

C/3 


■ai 


* ^ 

o 

O 


u x 
c P3 

a a 


X 


03 

as 


r * 


r i 

u 


G 

U 

a 

^' 


c 

o 

U 

a 

U 


c 

r c 

-X 

03 G 


u 5 

CJ u 




c 

o 

CJ 

o 

U 


X 

CJ 


SINNNNN 

<<<<<< 


N N N N) 

< < < < 


N < 

< S3 


x 

Oh 


< 


© 

u 

— 

13 

a. 

N 


z 


a q 


<<<<<< 

CO CO' CO CO CO CO 

□ p D D p 


< 

CO 


< 

CO 


<i < 

CO CO 

P 


< 

CO 


< < 

co co 

P 


x 

CJ x 
ffi 

* 73 

N © 

03 < 

z > 


> 

z 


< < < 

co co co 

D 


09 

CJ 

G 

C 



CO 

o. 


J 

I 

CO 

£33 


X 

(Y) 

G 

X 


00 


X. 

CM 

N 

03 


X 

X 

c 


3 pi 


rji 


u> 

i 

rp 

X 


C/3 


\ 


G 

X 


r-r 


CO 


OC G 

r-t 73 


-t 

:c 

co 


c/; 

1 - 

X 

a 

* 

a 


N 

G X 
O XJ — 

C/3 r* — 

— G X 

-si 

[P © 'S 

- Z ^ 

d 


o 

—( 


X 

73 



— 


C3 

X 


CM 


_ M 4 

oo ^M 
G C 
- X 


O '£ 

5 £ 

^ d 


CM 

lx 


U 


J 


x 


G 

x 


*-« n 


CM 


CO 

I 

x 

- 

s~* 

CO 



< 

I 

lx 

CM 


CM 


i 

x 

O) 

x 


X 

QQ 



^ Gfi 


— 

E 

x 

a 


n h 


jp $ 

DO .5 


o 

a 


X 

g* 

cm 


x: 


in 


iv 

in 

x 



X 

X 


a o ■— 

r * 


G rr r i 
tw ^ 

® DQ 



Q 


x 




73 


X 

X 

X 

> 

X 

- 


M 4 

in 

IX 


cu 

*-A a 

a ^ 


73 

X 


C/3 

X ^ 
G © 


O 



X 

CO 

X 


— n 


OQ 

oi 

m 

a 


X 


tx 

X 

CM 

m 


- c 


c- 


o 

oa 
od 

u < 


* ‘ 

r 


X 


a 

= 


o 


c 

a 


CO 

X 


D 

co 


CO 

< 


] CO 
< < 


a 


< 


■CO co 

< < 


D 

co co 

< < 


CO 

< 


D P 

CO CO CO CO 

< < < < 


CO 


p 

CO 
< < 


< > ^ 


Q Q Q 


r -?< 


f\ 

■ 


CJ 


in 


f » 


LfJ 

Cvj 


■* #' 

m 


rf 

x 

in 

r. 


x) x 




V 

m 


x 

XI 

X 

X 


V J 

in 


X CT3 


2 

in 


-t* 

x 

lo 


tx 

03 

x 

X 

m 


CM 

- ' J 

l n 

r* 


CO 

o 

~r 


X 


El* tu u- 


rf 

X 

G 


V r V 


X 


X 

IX 

CT 


X 

X 

SI 


CO 

X 


M* 

X 

X 


X 

IX 

CM 


rr* 

X 

a 

55 


uO 

~ 

— 

X 

X 

— 


G 

X 

X 


X 

X 

x_ 


00 XI 

o m 


w # 


w ^ 


cy w 
x 


M 4 


X 

X 

tu 


X 

CM 




X 

X 


CM 

"f 

X 

X 


C&4 


X X 


-t 

X 

X 

SI 


Oi 

CM 

03 


X 

X 


CM 

CM 

M* 

X 

X 

f- 


PO 

X 

Sr 


X 

03 

PO 


X 


lSm tU 


X 

M 


X 


r^. 


rf 

X 

X 


X 


- + 
X 


CM 

X 

X 

X 


*3 r 

t^v 

CM 


C— « Cu 


x 

X 

a 

x 

CM 

X 


X 

CO 

C3 

X 

X 

X 

— 


X 

X 


CO CG O T-t 30 C3 

X CM to CO 


. j 


M 4 
X 

C w 


XXX 
X X X 


rc 

C3 

X 


X 

Sr 


cc 

^1 


V 

X 

■ - m 


rt 

X 

X 




V 

z 


% ^ 

X 


[>» 

X 




^ * 
X 

r- 


’cr 

x x 

X X 


X 

x 

CM X 
r-> X 

X x 
cc x 
m 

X t. 


V V 


G h 

G U-v 


^ * v .+ 

X 


a hi 


o 

rt- 

X 

X 


tu U 4 fe tG 


X 

X 


X 

X 


00 
i 
■* * 


X 


cm x co x x tj* in 

N N N 03 00 r l N N 


t^ 

X 


"* * 
X 


IX Ct, 


X 

X 

X 


% ^ % J 


*■ s 


N X 
05 ^75 


^ + % J 

X X 


TV 


03 ^ O 
X t— G 


X X 


Cju 


X 

— V- 


V 

x 


r_ 


Ur M# ■% 


X 




in 

r*. 


CM 

03 

05 


> * 
X 
X 


■» 

G 

X 


X X 


X 


r. «* 

X 


. J 

X 


tu t 


xxxxxxxx 

X X X X X X IX X 


Du El* tu Qu ^ 


tv. X 




X 

X 


\ T 






V ^ T fl 

X X 


G 

G 


a mj 




r ^ r v ■ W 


X 




G 

ce 


< 4S 


,T ■ 


0 : 


G G 


s_ 


r 


G 


o o 

^5^-9 


2 C 

73 




f' ^ 


r 1 


/. 




7 ; 


-»* * 


J6 d& 


r . ^ 


03 QJ 
73 73 




N 


cfiS 


2 C 




G S3 G G G 

r» r» r_ r* r_ 


og 08 cK rJ 8 d 8 o <3 oK 


^ — 


*4- 


SC v: 


c c o c 

OC 0, t O' Q£ CZ 


73 73 73 


o c 


3 D 3 Q 3 

.03 03 


73 


73 


G 1 


23 CQ PQ PQ CC CC 


0) 03 03 03 . 03 

2 * _ * * — * -_ 

73 73 73 73 73 

C, fc* 

O G G G 

5 5 


Zi 







G 

— 
p- ^ 


> > 
£ © 

J J 


da 

J ^ J 

O G O 
OOO 

= z = 

G C G 


72 

G 


73 fi 


73 

G 

G 



u w 

75 


rv x 


tv> fv. k. 


fv 


X 


ivs r 


tCfvQOOJOr-CMX^XCOt 
NNNN30flOOC30®COaO 

O O 














WHITTEN ET AL.: MARSILEA PHYLOGENETICS 


119 





© 

cj 

O 


— 

© 


o 

> 


© 

— 

U 

CD 

= 


c 

CL 

© 


03 

a 


_ 


u 

n 




2 i § 


V. t— 


(-H 

D 

© 


© 

© 


Cw 


> 

© 


r* 

< 


o o 


— 

© 



5 _S? 

o 


T3 53 Cd 2 lJ 



03 

CJ 

© 

m 


© 

03 


oc 

O 

m * 

< 

co 


_ _ © 

a a u 


2 2 


H 

5 


o ^ 

u S 


© 

d4 

cl 
* * 
-J 

< 


9 f 

< 

CO 


< 6 

co 5 

Q 

oo 

CD 

'X 

oo 

p] 

© 

CL 


< 

GO 

D 


< 

GO 

D 


< 

CO 

D 


< < 

GO GO 

D 


< 

co 

Jj 


© 

u 

O 

O 

co 

> 


2 

m m 

T3 

© 

-a 

| 


n 

CJ 

r 

3 

3 

O 


© 

3 

N 

© 

3 

© 

> 


C/3 

© 


© 

*c 

Ui 

o 

U 
# * 
© 

-- 


© 

CC 

u 

< 


* • 

" 

U 

C/3 

3 


© 
r n 


X 


x 

LO 

LO 

X 




r ^ 


oi 

© 

n 


03 

CO 


c cl 

t/j 

3 •—J 

7 *5 


© 03 

u 


dj 

cc 


CO 

m 


u 

* 


CQ C2 


PS 

■- 

U 


P £ 

m 

u 


cc 

l© X 

d ^ 

d co 


or. 

fi 

o 

K 


CL © 

=2 H 


X 

o 

t'v 


© 

jc 

GO 


£ 

cJ3 


X 

X 

05 

-f 


© 

X 

GO 


03 

X 

pj 

-r 


x 


X 

3 

o 

V3 

3 


~f- 

03 

IN 


tx 

X 

CD 

CO 

© 


b'J 

IN 

IN 


3 3^ 


w 

X 

3 


x 



>5 


a 


2 < K £ cs 


© 

5^5.° 

< d Q Q 


< 

<* 


r 


Q Q Q Id 


C u u © C JS y u 0 n 






X 

PJ 


T 

03 


in 

03 


X f>. X 03 
PJ p] PJ 


w 1 * 


* * 


m *t 


PJ In. 


co 

in 


-r 

PC 


*■? 


t 


tu U- IX 


X 


x 

05 

X 


03 

X 


03 

o 

03 


X 

X 

2© 

O 


V J 


J 

LT3 


. 

ID 


s. T j 

Lf3 


03 

X 

X 

m 


2-4 ©- — 


x 


X 

in 

£ 


o 

!03 

X 

X 

LT3 

L- 


Tf ^ 


m m to 

^ ClT ET 


pa 

’t 

03 

X 

X 

X 


X X 

X3 CQ 
X X 


XXX 

X X X x 
X X X a 


r T 


X 

C3 

X 

X 

X 

r7 


X 

X 

03 

X 

CO 

X 


X 

X 

03 

X 

X 

X 


CO 

CO 

CO 

CO 

X 


X 

cc 

X 


XI 


X 

co 


tN 

X 


% m 


X 


X 

X 

X 


V * 

X 


Lh Id Lh 


Gl» [j_ 


PI 


VJ x x 

xxx 


-T 

X 

X 


— 

X 

X 


2U LEtf 


X 

ro 

X 

2© 


X 

X 

X 


xxx 

C*T «■ j 

xxx 


X 

X 


I© 

X t© 

X 
» * 

X X 




X 

[© 

03 


X 

03 

X 


03 

X 

03 

X 


X 

X 

X 

Urn 

X 

X 


V 1 

in 


* - W T J 


2© 2u 


X 

— 


r- 


CD 

a 

sc 


^*1 


w 


d» 


# , # # 




© 

c cr 




^ -4 '4 ■-« 


_ 


u a 

o c 


c c c c c 


X 


KJ W 


xxx 


* 

T 


J < 


c 

33 A 


3r. 

cc 


— 

* 


© 3 


2 

3 


3 

© 


Vj tr. tc V3 
© © © © 


< 


t "C 

o o 
a cl 

C Q 

SJ O 

3 3 

3 © 


^ 


J-. 


© © © © 


i S 


V. 

r 


PJ xxx 


PJ 


X x 


0 


o 

h 

© 


© 


*■ 

IN 


o 


Q 




u 



X 

X 


X 

X 

X 


X 

X 

X 

X 


X 


X 


X 

X 


X 

O' 


© 


© 


CC rrt 

j2 


© 

3 

© 

cc 


© 

N 

’a 

X 

m m 

o 

u 

ce; 

o 


© 

3 
CL 
<! © 


r J3 

o 

u 


C/3 

© 


C/3 

© 

C/3 


© 


© 


r A 


2 O' 2 < 


tn 

© 

^*4 

£ 


• * 
© 

© 

N 

© 

c 


u 

* m 

o 

u 

m )■ 

X 

© 


s 

3 

O JO 

u < 


© 


* ■ 



< ^ 
U H 

* . * * 

< < 
CO CO 

X 


o 

3 
© 

* ■ 

© 

* !« — 4 

u> 

© 

.2P a 

2 < 


X * 


~ 

© 


X Pm 


< d 

> u« 


© 


< < 

CO GO 


"C 

o © 


© 

© 

CL 

© 

E 

© 

c 

© 

CL 


< 

a- 


< 


X 

X 


3 

c 

C/3 


~l 

© 

3 

tc 

© 


X 

03 

In 

3 

o 

C/3 

3 


c x 

X 



PJ 


X © 


© 


© 

H © 


C PI 

C/3 IN 

3 






© 

X 


5 X 2 CQ X 


K K 

U CJ 


X X 

u u u 


22222 


X 

u 



X 

IN Px 


o 

X rf 

X o~t 


X 

tN 


Pi 


>« 


O' « 


X 

X 

X 


X 

X 

X 


X 

LO 

X 

X 

X 


X 

X 


X 

X 

X 




PJ 


X 


X! 

X 

03 


p] 

X 


X 

X 


X' 

W- v 

X 


-- 


o o 

X 

r<*' 

X 


W ’ # 

X 

2u 


PI 

X 

03 

X 


J 

X 


X 


V- > 

X 


* 'fc ^ 


X 


X 

X 

X 


J 

X 

[X 


X 

X 

03 


X 

X 

X 

X 

X 

X 


X 

03 


* d 

X 


p- 

X 




CG 

Ui 

2Q 


* w 


m * 


o o 


$Lt 


X 




© 

- r 


r ^ 


o 

c 






ft t \ 

N^ 


V- 


r- 


cr r* 


3 3 


N © 03 

o a 


P4 


X 

ps. 

'D 

X 


X 


3 

* 

an 


c 

-3 


© 

cc ^ 

© <4 

a, . 


NJ 

PI 

X 

o 

3 

o 

fj 

© 


a 

X 


X 

X. 

© 

c_ 

a 


a; esc: u PC 


— 

> 


CO CO CO 

— J 

2u U- 2u 


03 c - 
t-- x X 


X 


X 

X 

X 

a. 


X 

X 


xxx 

xxx 

a a a 

xxx 


P^ x 

hs. i^ 

PI PJ PI 


xxx 
xxx 

j£> cy cy a 

± X X X 

IT. X I ^ x 

x co x x 
x x a 


X X x X 
X X X X 

a a a a 

=: x x x 


© 

CJ 

"Ji 


© 


o 

o 

X 



- 


.t 


x "CJ 


2r 


Qj 


cr 


C!^ 


£ 




Cj 

w 

T 

Ci 

£ 

■c 


- PJ 
i PJ 


















Tabu* 1. Conti maul. 


120 


AMERICAN FERN JOURNAL: VOLUME 102 NUMBER 2 (2012) 


S-. 50 


f 'JZ 


N 


r ^ f 



' w 


* 4 




< 



< 
cc zr. 


(A QQ Cfi CO CC OS X 


- X 


cc cc az jz 




X — 

c 


i n in 

1 73 X 


m 

X 


7i 


r l 
X 


in 


x 


ert CO 


73 73 ~ 




~C £_■ 


v. 


<- -I #■ ^1 


r o 6o J 


’£ % 

£ cc 


io 

I 




— - 


*. * 


X 



Q c/D 


!—■ 

ED 


00 



U 




< 


* i 

r 




p _1 


< cd 


o ; cc 


• y 


cc cc cc cc 




1 


1 

V' 


1x2 


r „ 




t! 




CC CC CC 


■' 4 





^ f 


73 c 


in 


71 


Tf LO 


X X X 7 


^ - 




GO 


aaaaaaaaaaaaaacf 


IN. 

71 


X 

CM 


4 !* 

- 


a 


XXX 

71 CM 71 


X 

£ Q 

' = Y 


X 

71 


x x n 

XXX 

73 74 71 


i-i 71 

'35 

73 71 73 74 73 


m * 


rf X 


1 73 73 


* !* 


* J 


of a 


aoc/ctooactac/o 

XXXXXXXXXXX 


CM “ 

3"- 3 j 


lt: 


t-v x 
3^ * 


rsj 


^ m 


x c 

j 


V ’ J 

■ r* 


* « 
■ «•“» 


4 - 


X 


rv rv 


* V ''* 4 V " ^ 

f? fft rrt 


V 4 v # 


X 

fH fH 

OOOCfCfOOOOfCfOfO 


X 


— 




X 


X 


X 


QQ 




»■ w 

X 


X 


> v 



X — 


no oo 


4 V 


*W -U 


^ ^ ^ ^ X 


■4 rV V 


— — 




C3 C 

X 50 


X — 


to 


50 


*0 4. 


7C 7 




X X 
u t- 


*W 

:l LI 


X 


Co 


So 


£ 


*o So so so So 


rf lD 7* 

711 74 74 71 71 


71 


m J H * 


rf m x 

-» 4‘ 1 4 _T ^ ¥ 


4 - 


rf« 


r r* r 


< 


CC 

< < < 

r "> r t r ' 

LJ 


74 

0 3 0 0 
71 73 74 71 


X X X X X 

o x x co x 


ooooo 

x x DC X x 

CD 7* X O) O 

03 ^D 

74 X 71 CM X 


X 


CD CD CD 1 O CD 

O' O' O O Cf 

X X X X X 

CD lx 30 3 


x x x x 

CD CD CO CD 

a o'o'a 
x x 


cc 


a 

- 

x 

< 

© 

© 

3 

f 

CJ 


> 

a 

Q 

da 


o 

x 

a 


<D 03 

a o 

da oa 


o 
c o 


X 

o 


m *— - * 


-n 

CL 




CL 


CO 


a 

X 


A 

la 


g 

n*. 


3 

5 


CO 


K 


a 

ri' 




n\ 


CO Co 

a 


in 0 N CO Q 

't ’t 't 


s 


i < PQ C 


X X 


— X 


2 < 


r 7 



* • 


cc 


cc 


X 

71 

x x 

■Hi 

>T 73 5 D 


^ V jj 


W 


7C 0 


v w 


- 


cc cc cc 

< < < 

r 1 r n r ^ 


t m 0 


71 71 71 


n X X 


O Of o 

x x 


71 


X 


%■ ¥ 


CD CO CD 

o a a 

XXX 


x 


cc 


CD 'CD 

a a 

X X 


> 

03 

u 

o 

d« 


o 

o 

X 

c 

7t 


r 

c 

a 


o 

cx 

V 

Oi 


C 


C5 

CX 

Co 

O 

CC 


c 

o 

a 

g 

3 

CL 

50 

o 

cc 


o o 


c 

L 


a 


a 


X 


73 

in in m 


^ t 
w 


' « 















































WHITTEN ET AL.: MAH SI LEA PHYLOGENETICS 


121 







— 

cx 


n't 


X 


co 

O 

~ 

ft*! 


CO 


pL| 

i 


a 


- 

o 

X 

cd 

- 


Qj <T 


< 


cx 



x C 


X 

<2 


tj 

O 

"C 

o 


x 
- v 


o 

w 

x 


2; 



^ CQ C >- CL < CQ 


ca 

x "Z 

X — 

x NJ 



-- r n 


# ■ 


F ^ 


X 


^ ^ ^ ^ ^ ^ 

uuauuur'”' 


^ ^ — — 


m 


<<<<<<<<< ~ 
c/3v:c/3:oc/!:coc/:c/3 c 


X Sn X 

— » * - 


: < 


P's. 


in lx 

^ - w* 


cx 


cd 

cm 


T LO 


- H, 


< < 


1C 

lx cd 

CM 


< < - 


■—>2 


X CD *X* 


Z JZ 


X 

:C 


«• <i 


* w 


* W 


X 

S 5 

X X 

□ c 


X X 
> > £ 


■d* 

xr 


z 

t^. 

LC 

~T 


O CO 

XI 


^6 "c 


tx 


V 


fp 

CX 

:f 

rr 


ec 

|L-_ 

£ 

X 


X 


tc >, c 

5 G ^ 

jC. Q H 

_d 


IX 

X 

33 


v - 




r ^ 


t! 


r N, 



'JZ 


Vi 


— 

x: 


JZ 

x 

X 


:/: </: 
dl a* 
x w 


u u u 

D D X 


u o 

X 


XJ 


Tf LX 


lx 00 C3 


tx 00 03 O 

C3 0 0’— 

M M N M N CN CM CM CM CM XI XJ 


toiooooocoiootoictoc 

actaaooaaooaaa 

xsEKKSJexxxEKK 

'flfiXNXOJCnNXI'ifia: 

OCCI33ar^T-rH|| 

cx cx cx cx cx cx cx cx cx 


^ *■ >- * 


cx cx 


s * 


cx cx cx 


m 


CQ CQ CO CO <P CO sp C O < D C D CD f D ( D 

aaaaaaaaaaaaa 

xxxxxxxxxxxxx 


CM cx LX CD tx co 


XJ 


XJ CX 
XI XJ XI XI 


CX CX 'CX CX CX' -CX 'CX 


v* J ^ -» L” J L T J 


n 


ccoaaaaaaaaca 

xxxxxxxxxxxx 


Td XD 


> 

X) 

0 


> 

a 

s- 

a 


> 

d 

a 


> 

CD 

'— 

0 


> 

0? 

a 


a dg 

Q 

£ W 


>3 cij dg 


a 53 


o 

x 


o 


Q 

a 

to 

O 

&C 


a 

o 


o 

c 

- 


o 

r 


r 

c 


c 

; 

—• 


T3 

"3 

O 

o 

O 


t: 

X3 

c 


c 

3 

cu 

i- 

02 


ca 

CD 

3 

C 


3 

CQ 


3 

X 

t-. 

CD 


.9 


a 


< < 


a c 


o o 

3 3 

Qi 


to 

«D 


a 

a; 


Co 

3 

g 

CLi 


3 


£ 

3 


£ £ 
§ ^ 


CL 


L 


£• 


CO 

L 


3 

3 

co 


CO 

3 


C 

CL 


a 

=L 

co 

O 


a 

3_ 

co 

C 

zr. 


c 


JU 


3 

ts 

c 

c 


o 

CL 

o 


!*v 


c o 


a 

a 


to 

a 


Cj 


a 3 



03 _3 ^ Qj 

£ 1 2 2 
355.S 


r *r 


r 





3 

1 

3 


IX CD tx CC 

LX LX LX LX LX LX 


r* i-r 


cm in ix 

CO CD CD 


IX 


v: ^ .3 


vu 


n _. 



a 




v W 

B 

» A 


X *3 


ki 

# 


x * 


= < < 


3 XT 
CO 

x ~ 








CM 

LX 


XI 

CM 


lx 


X* 

lx 


g ^ CM 
^ Li N 


tx 


LX 


V # 


N 


v Ml 

N 


x 


CM 


tx uc 

t: o?5 


w 


^ 3 *-• C c ^ n 


CO C0 


a 

jz 

X 

CO 


r h 


CX 


% ^ 




3 


* 

r ^ 


- L -/ 




H 


- w 


> > a; ac: n ui < 




< ^ 


-jz 


< e 


UUUUUQ 

H 


c/3 c/: co 


■—■ 


XI 

CM 


CM 
XI CM 
XI CM 


h * 

CO 

a 

= 


CM 

XJ 


^ J L L L J ^ 

w cd ; 


lX 
CM XI 
CM XI 


CD tx 
CM CM XI 
CM CM CM 


* - 


XI 
XI CM 




% # 


,*r» 


tD CO t 


o'cyo'c^xo'cyD'o'o' 

~ r s; r x 3: 


~ 


M 


^ ' 
V H# 


— cm cx m 

CM XI CM XI XI 

CX 


^ » V <«• ^ 


XI 

00 


tx 

XI 




rr> 


rv 


a a 


cx cx k-j 

CD LD CD CD 

cy cy o' o' a 

— “ r z: 


a 


LX 

XI 


CD tx 
CM XI CM 


3 

CM 


CM 






V J 


WTJ 


V J V 


' wf <+ * 


0/ W . V * 


CDCDcO DcDDcDCCCCCCD 

cy o' o' o' o' o of c/ o' cy cy 

= ™ = =:2:-xxx 


> 

3 


u 


> 

<+ N 

f 


> 3 




C 

o 

X 

3 


o ic 


to 

<L 

j. 

3 

Cj 

x 

3 


co 

03 


cd 

L> 

CQ 3 

< 2 

a cd 

"a < 

1 3 


„rt ■k 

Zj 


o 

o2 


cd 

£ 


> 

M 

C 1 

e« 


L> 

a 


ni 

~ 


z 

C 


CJ u 


s,® 

^ 3 


"3 


co 

L 


"■ 


3 



3 

*' i 


co 

L 

3 


3 3 

0: 3 

co to 

w i 

3 3 



03 

1 

3 

- 


to 

3 


3 

L 


— 

-— 

a 

m 

"S 

3 


X 

£ 

< 


*> 


a- 


05 t0 5fl 

f ' f r 

3 3 3 


3 

£ 



CM CX Tf LX CD ix c: CM 

txlXtxtxtxtxtxtxOC 


t^ 

X 




X" 

tx 









*.*0 









t-< xi rx 

cx cx cx 

XI CM XI 



aaa 



X ” 3 

XI CM CX 



D IX X 



CX CX X 

CO CO X 


aaa 







^6 





























Tabu 1. Continued. 


'I 22 


AMERICAN FERN JOURNAL: VOLUME 102 NUMBER 2 (2012) 




© 




cc 

Li 

C 


© 

U 

3 

o 


c 

o 


Cfl 

o 

Q. 

"O 


T 


Lu 


U 


- 

C 

X 

CB 


§ -S 


z 5 3 
x 3 c 


c 

Cfl 

CC 


Cfl 
35 

C 
35 

c 

o 

u 
• # 
co 

C X 

•i H 
c 

03 pr¬ 
efer: 
<■ 


cc 

CO 

cu 


< 


* • * m 


< 

S] 

X) 


t 

cm 


X 

CM 


OH 

O CM cm 

CO g 2 


35 

Z 


c 

Cfl 


C 

Cfl 


.2 w 


- 

CO 


> Q Q 


X 

r ^ 


c o 


in cd 
x x 

CM CM 


x x 

cd cc 

aa 

X X 

04 99 

n n w 

X Xi 


% J 


n n n 
3 x 3 

cy a a 

X X 


05 0 — 

x -r *r 


n n n 

3 3> 3 

of act 

X ■■ 


cC 


35 

N 

C 

X • 

35 > 

© 


CC _= 


OC ^ 


f- ^ 


^ c 5 


S 3; > 


3 3 3 
© © © 

£ £ £ 

3 J3 a 


CM 


m 

Cl 


^ © 

X £ 
co O 

s?‘ 2 

Z 

to 


a 

15 


DC 

c 


CC 


<5 .5 

X 


CC ■ 

3 xi 


_ 


• * 


* * 
C 
U 


X H 


© © 
e© j 

* * * * 

> cc 

Z O 


© 

£ 

CO 

>, 

3 

U ^3 


O £ o 


• • 


3 X 


U 

CC 

flu 


£ cc 
D 


x 

in 

-r 


c 

■3 


C/3 CO 

X D 

a 

in 

m 

x 


< < 

CC CO 


u 

3 


no 


< 

CO 

* • 

.2 

~r 


z 


a fc 


03 


© 

5 


03 Cx3 

p • * * 

< > 

u z. 


• » 


P £ tfl Ifl 


u. 

H 


< 



—: co 
Z x 

w X 

Q i 


-a 

c 

"C 
C 


c x 
x 


<*J u. 

>, 35 

§I 

| CD 

I H 


x 


© 


CO 

*3 

35 

E 

o 


K 


E 


^ h™ 1 


© 

H 


m 05 
CO *- 

m *r 

CJ5 N 

c ® 

ffi 

(-1 

DC 

|3 

C! * 

x ^ 

. o* 

2 © 

CL 

da 3 

• ,8 

X 20 


x 

05 

c 

c 

cfl 

C 


03 

-r 

05 

X 

c 

CC 


J'S 

< CO 

$ 

03 

Cfl 

Cfl 

i 

co 

d ^ 

*7 c 
<# x 


< < 

zn cn 

D 

in 
n* 


U 

s 
* * 

o 

u 

X 

© 


c 

co 

M 

[Li 


© 

3 

d 


- 

3 


‘n* ™ 

j b 

u. 

* * 

< 

CC 


c r. 


o 

u 

'fl 

• ► 
o 

U 

• *■■■ 

X 

© 

s 


35 

"33 

3 

n 

CD 


Hr 


© 


3 S3 


-a 

CO 


1 * 


U 



DC 

cc 

Ifl 

a 


CC 

C t—’ 

u 


o o 

u a 


*■ *• -I 

H H 


CC 


• * * # 


X ^ 

© c/: 


< 
X X 


Z 


m 


© 


o © *-=■ 

- cq ^ 

X 


z 


a ^ < z 


3 

© 

■ 2 

C X3 
co 

7 


w 




X 

rv 

cn 


n 


< 


* 


£ 

© 

t_ 

oc 

B 

o 

X 

# 

CL 


05 

CM 

BO 

nj 





i 
* • 

Z os 


CD 

X 

X 

CM 

co 

* 

"3 

© 

© 

Cfl 

Cfl 


m 

O' 

-r 

x 


© 

© 


r>> 


- 

3 

O 

© 


03 CD 

x m 

r* X 
^ — CM 

m j£ 

05 op — 
T 

© 


CC 


u 

s 

* E-* 


ca co < cS 


IM 

X 

cm rn 

"05 — 

CO 

m 

oc ^ 

J w 

^ u 

Z 2rl 

rv* 


v P 


x ; 

m x 


3 t* 


cd r 


n 


X 


o 

ib 

m 

O 

X 


zc l: 
^ — 


ZZZZZZZZZZZZZZZZZZZZHHh-< 


X 

CM 


X 

co 

CM 


05 


CM CM 


■t'tt’ttt’t'tttlir 

Cl CM M C'l M >1 M CM m M ^1 


CM 

m 

CM 


CO 

in 

CM 


-r 

m 


m 


in 

CM 


ts 

m 

M 


X 

m 

CM 


m 

c^j 


3 

X 

CM 


CO 

X 

a 


co 

X 

a 


* w 


co co co co 


^ y 


xxxxxxxxxxxxx 


V * 


XXXXXXXXXXCDXCOXXXX X 3 O 

azyaaaaaaaaa a aaaaaoaaaa 


*T 

X 


X 

X 


in 

x 

X 


xxx 


r-s 


V’ i 


* m 


* * 
CO 


X 03 
X X 
X X 


T 

X 


rf 


CM 

rr 


X 

-t 

X 


b 1C (O N CO 
o* *t* 

X X X X X 


*f in m 


r i 

m 


y y 


x m 


Lb 

Lb 


X 

m x 


y ^ y ► 4 


% y 


X 


•* y % 


X X X X X X X X X X 


y y % . 


y * 


y y % # 


y • 


3 CD X X X L XXXXXXXXXXXXXX3 — 3 3 

3ao f agjgagggo'go / ggggaD / ggog 


n x rfXXt^X05O^CMX^finX X o. 
'tt*r'rrr , r-T'rinxinininLninxunin 


CM 


^ « 






<* y 4 # 


CD CD CD CD . X CD CD CD 1 CO CD CO C^5 CD CD CO j 

3X L 3 3X3cDtOXCCXXXX 3 3 33 3 3 3X3 

Dfao'aaaaaao'aacyo'aao'aao'aaaa 

= = = r = rr:r=:r: = z: 


CC 


© 


< 

X 


*s 


- 


© 
r ^ 


© 
p m 


* 


- © © 


M 




O 

o , 

l: -i 


a® £ 


3 

3 

CB 


f Pt 


u 


L 


© 


■7 


S r- 


■fl 


P 3 

5 X 

3. a 

V5 5 

<4 - 

Q ^ 

op •/. 


coo 


2C 


cfl 

© 

X 


^ ^ 


b 


3?J 


d 3 3 


© z 45 3 


* v 


3 C 


o o © 

■ S ■ 


< 


DS - 


z z z z 

X X X X 


o 

C 




: 


pb 

aj 


< 


C 


£ r? c« 


3. 


^ J * m** 

i, © Q 3 


flA 

!■ a. 


© © © © 


wi 5^ 

4 


Vfl 


3 3 


a - «,. 


© © © © © 


© © © © 




£ fi C. 

~z .o _o 


£ 


ifl 

a 


/ 


■/ 


3 JO 


S I 


a a n n n h 

L s ^ s : — 


1 5fl 


C; ^-btiflNXHiONC i -r •- ■ ■ 3 — -r i* 

30B0500C30C 3 «— b « n ci ^ i nxx XXX 

*-» CM CM CM CM CM CM b» CM CM CM bJ bl CM CM CM Cl CM CM CM CM 


1 • 
















t)NA Herbarium 

sample of 

number Taxon rbcL trnL-F rps4 deposition Voucher Locality 


WHITTEN ET AL.: MARS1U \ PHYLOGENETICS 


12;t 


ca 

U 

I 

5 


CD 

O 

O 

cn 


CC 

3 

E 

0 


E E 

jz jd 

’5 *5 

-c M 
E- H 


o 


03 

2 


Q 

U 

X 

© 


c 

© 

X 

03 


c 

© 

CD 0£ 

H £ 

E ~ 

e a; 

CD -3 


CD 

U 


:D 

C 

o 


'7} 

c 

u 


vj 


S 2 2 £ 


CD 

a ! mm 

3 

"5 

3 


CO 

E 

CD > 

E £ 
'2- O 
^ X 


d 

© 

c 

: 


a; 


T3 

E 

CD 


ID 


CD 

CD *■£ 
« mm CO 


< 


E 03 


CC 


H 


O 

B 


OG 


s« 


• Sr 3 

Z < 


CD 

X 

£ 

N 


f3 5 S 


E C E 3 
0) © © O 
X X U IT. 


X 

p 

• • 

< 

CD 

p 


CO 

£ 

u. 

£ 


CD 


© 

U 




c 

U 

*X 

© 

2 


© 

3 


© 

z 


.2 c3 

"O 

c oa 


- a 

/> t- 

® 9 

11 f— 


U0 

».o 


X 


ir. 


tv 

PO 


CD 

CD 

tv 

x 

E 

© 


X X 

x *r 

AO tv 

i i i 

ID tO 

X C 00 

u u u 

jj I D N 

ZL Jt. U X 
© © © M 


© 


x c 

X! X 

o 


ID 

© 


J 

ID 

S3 


X 


rv * 


C 

ZL 2 
tO CO 

I 


X 

X 

"3 


■"•i 


20 CO C/3 g p. u cb CD «P 

Qi X <Jj Z -X X U 


X 

> o 


c 

X 

o 

3 


© 


o4 


tv 

CJ 

X 

X 

ID 

E 

C 

X 


tv 

tv 

IO 


ro 


© 

N 


X 

O 

s 


x 

X 

CM 

CM 

© 

CO 

03 


CM 

C 

03 


f ' 


CD 

X 

C 

ID 

fc 

Jj 


tv 

c 

© 


CC 

fr 


X 

X 

tv 

X 

o 

E 

© 


DC X 

7 X 
^ CM 


C 

CD 


X 

X 

*r 


CD 

N 


CD 

M 


E — *— 


-£ 

CD 

X 


x 

C 


x 

O 

5 

N 

O 

E 


x 


tv 


03 

tv 

ca 


ci 


CD 

N 


ac 


x 



X LJ 


2 


P 

X 

W rn 


x 


u 

£ 


X 

U X 






X U 
£ 
a 


u CJ x x x CJ 
D D D D 


c 

X 


U3 


a 


X 


X 

X 

D 


'X 

© 

*x 


X X 

X X 

X X 

■ a 


c 

X 

E 

x 

E 


« . 
— E 


X 


D 

N 


x 

C 


g 

M 


X 

X' 

X 

M* 

~© 


r.i 


X 


x x 

D P 

■ a 


x 

n 


m o *r 
X X X 
CM CM CM 


X 

rf* 


<« <* 


CJ CD CD 


* - 

cc 

E 


n n ~ 

c ^ c 

a a zf 

~ ~ x 


w 4 


CM 

CO 

X 

CO 


*r 

CM 


v * 
r 


n 


x 

X 

X 

X 


CJ 


tv 

CM 


V T d 

f ^ 


X 

CM 

CO 


% V * # 


CM 

CO 

X 

CO 


X 

ro 


• • 


CO 


», X <0 X X X X X X 

300000000 
x a 


X 

x 

x 

x 

x 

a 


CJ 

X 

X 

x 

X 

X 

a 


X 

X 


t # 


* J 


X 

X 

X 

X 


X 

X 

X 

X 


w * 


X 

CO 


tv 

X 

X 


XXX 
X 
X 


^ * 
X 
X 


¥ # 


X 

X 

X 


"T 

X 

X 

X 


CJ rr 


X 

X 

X 


• * 
* ^ 




X 

~T 

X 

X 


ID 


“ t.O X X X X X X X X X X 

aaa a oaaaaaao 

ClQCC^ClCQnQCC 


f r 3 


03 

X | 
X C 


a 


X 

X 


XXX 

r_f* rT 1 rrt 

d'5'5 


CM030^-CMX*TX 
XXX X X X X 
X X X X X X X 
X X X X X X X 

-r *r *r 

X j x X X X X x x 

^vycrpc'55 a 

_ c~ = 


% . 

X 


t - x c 

X X X tv 
XXX 


* d V ^ V -# 

-r *r *r *r 

X X 


«— CM 

tv tv 

t X X 
XXX 


w s 

tv 

X 


tv 

X 


r 

tv 


tv 

X 


* 

*t 


X 


<- . 


— CD CD 


o o o o o o 

■ o c 


tvXG33^-CMX *f»OXtv 

© 03 03 03 © © 03 09 
CMCMCJCMCMCMfMCM 
PJ CO «o O CO CO CO 

w, -r-T-r'T-r-r-r-r 

cycycycyo'o'o'D'o^o'D'o'O' 


X X X X 


s a s 


© O ^ N C3 J 1/3 

CM X X X X X % 

#0 x X 

*r *r *r 

X — X X CD C0 

« a g a a a a 


a 


XXX 

xOOO 



X-' 

X 

X 

*r 


x 

X 


X 


MU 

*T 


CD 

E 


ZfCfO 


CD 

=c 


/ 


E > 

C 

c5 

~JS 


so 

E 




& C 

C b 

^3 C 

4 >! 


CD 




fc* © 

• ~ o: z= 

. CD 




f 4 


c c c 


U 


us C 

© — 


5 1 


£ 1= •£ 


^ d: c *5: 




vs 


us 


us 
' . 


© ar 

jh ^ 


© 


© © © © © E 


C i 

0 E 


u 


E 

E 


v. 

£ 


r * 


© 

E 


r C 




e; 


PM*t3 ^ , 

o ^ s .2 § c 


Cm- E W 

2 ce - 




© 

©c 

E 

Isl 


© 

C 

c 

© 

dK 


C 

Oi 


- 


© © 


* 

% 




C 

E 

© 


x. 


o S -S* £ g S 


c 

a 

2 

© 


© 


X 


c c 


© vs US 


C 


r e 


i 


E E E E E 

Zm Zm "ip 

£ E E E £ 


E E 
© © 


2 g -E *E -E E E 
EEEEEEEEE 

Ec-EEEEEEE 


n fO * * 

*m ttj '*'• 


© © © 


So so 


us Us 


E E E 


E G E E E E E E E E E EE E E E 


£ £ 
E E 


£ 


f, 

E 


vs 


E 


£ 

E 


CJ 


*T T 

CM CJ 


l 


X 

*T 

M 


Cl 


Cl 


tv X 

X ift 

ci ci 


w / 


«.o x 

ci c* 


m x *r ufi 

^ ?r. ir ^ 


CM Cl Cl ' 1 CM 


tvxoJO — cjx-rxxtv 
X X X <0 fv fv tv n k s r. i . r- 
CJ Cl CM CM CM CM CM CM CM Cl CJ CJ Cl 










Table 1. Continued. 


124 


AMERICAN FERN JOURNAL: VOLUME 102 NUMBER 2 ( 2012 ) 


6 

- 


02 

X 




cd 

O 


02 


CJ 

3 

o 

> 


a 

o 


u; 

C 

Cl 

l 


r T 

cn 


i 


_= 


03 

a 


cd 

i 

w 

o 

cc 



— 


CM 


x 

x 


a 


2 

03 

DO 


2 



DC 


CO 


X 

CO 


a 

a 


> 

2 

* p 

< 

tz> 


o 

CJ 

£ 

o 


to 

w 


03 

r 


x a* 


cd 

CL 

ed 


— 

< 

cd 

G 

cc 

< 

u 

cd 

S 3 

HI 

< 

U 

-C 

•■-E- 

* * 


* * 

■ • 

ZJ 

cn 

< 


<! 

< 

o 

O 

C/D 

o 

c/d 

co 

C /3 

CQ 

P 

cc 

p 

D 


CM 


X 

CD 

tv 

03 

03 



1 % 

A jM 

X 

tv 

o 

X 

CM 

CO 

O 

a 

X 

03 

CO 

X 

X 

o 

X 

# 

- 

# 

Jr 

cd 

CM 

X 

73 

tv 

rr 

CM 

CO 

* md > 

C 3 

M 


JCO 


03 ' 

r X 


g 

— 

c 

03 

_c 

S 

cd 

SQ 

o 


f-> 

o 

t_l 

O 

c 

——, 

cfl 

c 

o 

o 

03 

o 

03 

73 

d 

03 

DC' 

03 

CO 


H 

CL 

< 

X 


X 

X 

a 


U 





w 

* 2 
P CQ 

a a a 



S3 2 

— DO 


N X 
iv tv tv 
X CO X 
CO CO CO 
O* ^ 

X to X CC 

O' O' O' O' 

Q Q Q Q 


X 




cd 

d 


rt 

a 

a 


cd 


^ x 


N X G O 

CM 


CO 


CO CO 
CO CO 


CO CO CO CO 
CO CO CO CO 

t ■t 

C C CC to W X o 

atocfoaaa 

a c a q a a 


tv 




W 
C/D ^ 

P 


a 


X 

X 

in 

X 

03 

o 

r*t 

CM 

X 







X 

X 

X 

X 

X 

X 

X 

cn 

X 

X 

m 

X 

CO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

x 

in 

in 

X 

X 

X 

X 

X 

X 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

Q 

a 

X 

D 

a 

Q 

a 

a 

a 


CM 

X 

CO 

CO 

rf 

CO 

a 

a 


LO 

in 

co 

CO 

co 

in 

Of 

Q 

CO 

X 


CM 

CO 

CO 

rt 

s 

a 

a 


m 

00 

x 

a 

a 

X 

co 

CM 


J 

rr 

co 

a 

Q 


X 


fll 




< 

2 

n 


- *-» 
rr 


03 

c 


— 

T 


a 

£ 


cc 


R <! t 


t/j ^ CO 

§ S == 


=o 


^ w 

Ti 


Of 


p-^ 

<p 


W 

r i ^ 


M- 


f . N 

O £ "C 


71 

f 


W 


— 


a 

S. 


3 c 

X w 


79 


■ i- ■ 


rc 

1 


C 

03 




^ _ 


■* 




d “ 


J-* V 


4 


a 

rv 


S 5! <o 

71 CC 

i- t. 


X 

<■**) 


< 


L3 7 

y: o 




u 


c 


03 


»— CM 

C^3 

~r 

1 3 X 

rv 

on 

tv 

oc 

*v^ ■ — 

fePtap ' -*i_i 

OC 

oc 

X X 


cc 

CM 

CM 

CM CM 

CM 

CM 

CM CM 

C^l 

n 


X 

04 











WHITTEN ET AL.: MARSILEA PHYLOGENETICS 


125 


a 


To Fig. 1b 


branch length^ 5 steps 


Bootstrap values 0-69% 
Bootstrap values 70-89% 
Bootstrap values 90-100% 


Node collapses in 
strict consensus 


38 steps 


M. htrsutd 006 USA;FL 
- M hirsute 008 USA FL 

M. hirsuta 009 USA:FL 
- M hirsuta 059 USA.FL 



318 steps 


Group II 



- M hirsuta 064 USA AZ 
~ M angustifoha 258 Australia 

- M costuhfera 124 Australia 
M ex a rat a 186 Australia 

■ M cmnata 131 Australia 
M costuhfera 132 Australia 

- M exarata 134 Australia 

1 '— M hirsuta 136 Australia 

M, hirsuta 060 USA FL 
M drummondii 265 Australia 

M examta 135 Australia 
M hirsuta 137 Australia 
M. hirsuta 208 Australia 
M costuhfera 167 Australia 
M exarata 207 Australia 
M angustifoha 130 Australia 

M exarata 133 Australia 
M. mmuta 015 USAGA 
M mmuta 017 USA;FL 
M rrmufa 018 USA FL 
M. mmuta 052 USA TN 
M . mmuta 057 USA FL 
M, mmuta 058 USA FL 
M minuta 101 USA AL 
M, cmnata 261 Indonesia 
M cmnata 262 Thailand 
M minuta 272 Burma 
M minuta 273 India 

M minuta 138 Australia 
— M cmnata 240 Thailand 

M. minuta 102 Trinidad 
M minuta 106 Nigeria 
M fadeniana 267 Kenya 
M minuta 141 Trinidad 


Clade H 

subgroup 
Marsilea lit 


Clade G 

subgroup 
Marsilea II 


M mmuta 205 Trinidad 

M minuta 014 USA GA 
M mmuta 016 USA FL 

M minuta 21A Africa 




M quadnfoha 283 Japan 
M quadrifoha 121 USA PA 
M quadnfoha 149 China 
M quadnfoha 172 Pakistan 

M. nubica var gymnocarpa 279 Botswana 


Clade F 

subgroup Marsilea I 


J rt 


■ 


M nubica var, gymnocarpa 280 Nigeria 
j — M schetpeana 284 South Africa 
M vera 285 Botswana 
' 1 M vithfotia 287 Botswana 

M. aegyphea 256 Namibia 
M ephippiocarpa 239 Namibia 
M botryocarpa 259 Kenya 
M ephippiocarpa 266 Zimbabwe 
M. fannosa 268 Kenya 
M macrocarpa 270 South Afnca 

- M capensis 260 Botswana 

M gibba 269 Kenya 
M. cmnufata 21 i Burkina Faso 

M commandehna 112 Nigeria 
M distorts 264 Nigeria 

M. crotophora 263 Bolivia 
M potycarpa 282 Puerto Rico 
M deftexa 067 Mexico Sonora 
M. deflexa 103 Venezuela 


| Clade E 

subgroup 

nubica 


Clade D 

subgroup 

macrocarpa 

Clade C 

subgroup 

capensis 



W step* 


Group I 


M. potycarpa 150 Puerto Rico 
M potycarpa 204 French Guyana 
M defiexa 230 Costa Rica 
M defiexa 231 Mexico 

- M scaiahpes 241 Thailand 

M potycarpa 107 Puerto Rico 
*— A#, potycarpa 108 Venezuela 

potycarpa 122 Panama 
M potycarpa 175 Nicaragua 
M potycarpa 095 Dominica 

I- M mutica 021 USA GA 

illl muhea 022 USAiGA 
y M mutica 023 USA GA 
' M mutica 028 USA AL 
- M mutica 020 USA OK 


Clade B 

subgroup 

clemys 





I- M mutica 024 USA MS 
M mutica 025 USA FL 
M mutica 026 USA FL 
M mutica 027 USA AL 
M mutica 063 USA AZ 
M mutica 088 USA.VA 
M mutica 116 USA.VA 
M mutica 276 New Caledonia 
■ Pttutana amencana 289 US A 


Clade A 

subgroup 

mutica 


Outgroup 


Fig. 1. (a-c). A single randomlv-chosen shortest tree from maximum parsimony analysis of 

Marsilea combined plastid DNA data matrix ( rbcL , rps4, rps4-trnS spacer, and tmL-F spacer). 
Branch lengths are indicated by scale bars (except for longer branches of Fig. la); bootstrap support 
is indicated by branch thickness/grayscale. Nodes that collapse in the strict consensus are marked 
with a black dot. Tree length — 743: consistency index (Cl) = 0.80; retention index (RI) = 0.96. 
Major clades are labeled A-L; the informal clade names (groups and subgroups) correspond to 
those used in Nagalingum et at. (2007). 
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b 


To Fig. 1c 


"l 


- M. macropoda 007 USA: TX 
M. macropoda 010 USA: AL 
M. macropoda Oil USA: AL 


M. macropoda 012 USA: FL 
M vest it a 039 USA LA 

M vestita 040 USA: FL 
M vestita 041 USA: FL 
M. vestita 042 USA: FL 
M. vestita 044 USA: FL 
M. vestita 045 USA: FL 
M. vestita 046 USA: FL 

- M vestita 048 USA: LA 

- M vestita 049 USA: LA 
M, macropoda 051 USA: LA 

- M. macropoda 053 USA: FL 
M. macropoda 054 USA: FL 

M. macropoda 055 USA: FL 
M . vestita 056 USA: FL 
M. vestita 087 USA: LA 

M. macropoda 111 USA: TX 

M. macropoda 271 USA: TX 
M. nashii 277 West indies 

M. nashii 278 Turks & Caicos 
M. nashii 119 USA: FL 
M. vestita 176 Mexico: Yucatan 

- M. vestita 179 USA: LA 

M. vestita 190 Mexico: Yucatan 
M. vestita 195 USA: LA 
M vestita 222 Cuba 
M. uncinata 224 USA: FL 
M. vestita 233 USA: TX 
M. macropoda 235 USA: TX 

M. ancyfopoda 005 Mexico: Jalisco 
M. ancyiopoda 013 Mexico Jalisco 
“ M. ancyiopoda 105 Mexico: Jalisco 
- M. ancyiopoda 144 Mexico: Jalisco 

M. ancyiopoda 170 Mexico: Jalisco 
r~ M. ancyiopoda 169 Argentina 
1 M. ancyiopoda 192 Argentina 
M. ancyiopoda 104 Argentina 



Clade K 

subgroup 
Nodorhizae 

(U.S. Gulf Coastal Plain, 
Yucatan & 
northern Caribbean) 


M. aff ohgospora 030 USA FL 
M. atf. ohgospora 031 USA FL 
M. aff. ohgospora 032 USA: FL 
M aff. ohgospora 033 USA: FL 
M. aff. ohgospora 034 USA: FL 
- M. aff. ohgospora 035 USA: FL 

M. aff. ohgospora 036 USA: FL 
M aff. oligospora 037 USA: FL 
M. ancyiopoda 257 Puerto Rico 
M. ancyiopoda 196 Mexico: Nayarit 
M. ancyiopoda 187 Ecuador 


Clade J 

subgroup 
Nodorhizae li 


Marsilea aff 
oligospora 
(Central Florida) 



M. vestita 038 USA: LA 
M. mollis 082 USA: AZ 
M molhs 083 USA: AZ 
M. mollis 085 USA: AZ 
M. mollis 086 USA: AZ 

M. mollis 070 Mexico Chihuahua 



M. mollis 077 USA: AZ 
M. moths 079 USA: AZ 
- M mollis 080 USA: AZ 
H M. molhs 081 USA: AZ 
M. molhs 084 USA: AZ 
M. molhs 174 Bolivia 

M. mollis 275 Mexico 
M mollis 139 Mexico 


Clade I 

subgroup 
Nodorhizae I 


M molhs 227 Mexico: Jalisco 
M. mexicana 071 Mexico: Zacatecas 
M. mollis 109 Mexico Chiapas 


To Fig. la 


branch length = 5 steps 

bootstrap values 0-69% 
bootstrap values 70-89% 
bootstrap values 90-100% 

Node collapses in strict consensus 


Fig. 1 Conti lined. 


pieces, facilitating amplification from degraded total DNAs. Primers for rbcL 

are: rbcLF ATGTCACCACAAACAGAGACTAAAGC; rbcL intF TGAGAACG- 
TAAACTCCCAACCATTCA; rbcL intR CTGTCTATCGATAACAGCATGCAT; 
and rbcLR GCAGCAGCTAGTTCCGGGCTCCA. The rps4 exon and the adjacent 
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M. oligospora 093 USA: ID 
M. vestita 097 USA: NV 
M oligospora 155 USA: CA 
M. oligospora 162 USA: CA 
M. oligospora 199 USA: OR 

M. vestita 203 USA OR 
M oligospora 161 USA: CA 
M. mucronata 145 USA: CA 

M. vestita 068 Mexico:Baja Cal. 
M. vestita 075 USA: CA 

M vestita 146 USA: CA 



-i 


M. vestita 182 USA: CA 
- M. vestita 188 Mexico: Baja Cal 

M. vestita 220 Mexico: Baja Cat. 
M. vestita 089 USA: ID 

M. vestita 148 USA: NV 


H 


M. vestita 092 USA: OR 
M. oligospora 094 USA: ID 
M vestita 073 USA: CA 
M. vestita 090 USA: ID 

M. vestita 091 USA: NV 
M. vestita 096 USA: NV 

M. vestita 098 USA: UT 
M. vestita 100 USA: MT 
M. vestita 110 USA CA 

M. oligospora 281 USA: NV 
M. vestita 147 USA CA 

— M. oligospora 151 USA: CA 
M. oligospora 152 USA: NV 
M. oligospora 154 USA: CA 
M. vestita 156 USA: CA 
M. vestita 157 USA: CA 

M. vestita 158 USA: CA 
M. vestita 159 USA: CA 

- M. vestita 160 USA: CA 


M. ancylopoda 165 Venezuela 
M vestita 173 USA: NV 

M. vestita 189 USA CA 
M. vestita 200 USA: UT 

M. vestita 201 USA: NV 
M. vestita 216 USA: CA 

M. vestita 217 USA: NV 




1 M. vestita 225 USA: UT 
M vestita 099 USA CO 

M. vestita 286 USA CA 
M. vestita 047 USA: AR 
M . vestita 050 USA: OK 
M. tenuifolia 194 USA TX 
- M. vestita 197 USA; KS 
M. vestita 234 USA: TX 
M vestita 076 USA AZ 
M. vestita 078 USA: AZ 
M. vestita 074 USA NM 
M ancylopoda 177 Peru 
M. vestita 069 Mexico: Sonora 
— M , foumieri 072 Mexico:Baja Cal 
h M viilosa 288 USA: HI 
M. viilosa 125 USA: H! 

- M viilosa 127 USA: HI 


M. viilosa 128 USA: HI 
M. viilosa 129 USA: HI 

- M vestita 066 Mexico:Sonora 

M. vestita 242 Mexico: Sonora 

M: vestita 243 Mexico: Sonora 
M. vestita 244 Mexico Sonora 
M. vestita 171 Mexico: Sonora 


To Fig. 1 b 



Clade L 

subgroup 
Nodorhizae IV 

(Western U.S. and 
western Mexico, 
Hawaii i 


- branch length = 5 steps 

— bootstrap values 0-69% 

bootstrap values 70-89% 
“■ bootstrap values 90-100% 

• Node collapses in strict consensus 


Fit;. 1 Continued. 


rps4-trnS spacer were amplified in one piece using the primers rps4F 

ATGTCCCGTTATCGAGGACCT and rps4R TACCGAGGGTTCGAATC; prob¬ 
lematic samples were amplified in two pieces using the internal primers rps4 

intF TGCCAAACGAGAATCTATGG and rps4 intR CGATGGGTTGT- 
TAGTTGTTAG. Primers for the trnL-F spacer (primers E&F) were those of 
Nagalingum et cil. (2007). All amplifications utilized Sigma Jumpstart Taq 
polymerase and reagents (Sigma-Aldrich, Inc., St. Louis, MO, USA) in 25 |il 
reactions with 3.0 mM MgCl 2 . Thermocvcler conditions were: 94 C for 


































128 


AMERICAN FERN JOURNAL: VOLUME 102 NUMBER 2 (2012) 


3 minutes followed by 37 cycles of 94 °C for 30 s, 56 °C for 30 s, 72 °C for 2 min, 
with a final extension of 3 min at 72 C. Problematic taxa were amplified using 
Phusion polymerase (New England Biolabs, Ipswitch, MA, USA) according to 
manufacturer’s protocols. PCR products were sequenced in both directions 
using the Big Dye Terminator reagents on an 3130 automated sequencer 
following manufacturer’s protocols (Applied Biosystems, Inc.). Electrophero- 
grams were edited and assembled using Sequencher 4.10 (GeneCodes Inc., 
Ann Arbor, MI, USA), and the resulting sequences were aligned manually 
using SE-AL (Rambaut, 1996). All sequences were deposited in GenBank 
(Table 1). A 25 bp portion of the rps4-trnS spacer contained a homopolymer 
region of ambiguous alignment; this region was excluded from analyses. We 
analyzed the data using maximum parsimony rather than maximum likelihood 
because the number of steps in the resulting trees more clearly represents the 
number of base pair differences among accessions. Analyses were performed 
using PAUP* version 4.0 blO (Swofford, 2003) with Fitch parsimony (equal 
weights, unordered characters, ACCTRAN optimization and gaps treated as 
missing data). Heuristic searches consisted of 1000 random taxon addition 
replicates of subtree-pruning-regrafting (SPR) and “keeping multiple trees” 
(MULTREES) with the number of trees limited to 10 per replicate to minimize 
extensive swapping on islands with many suboptimal trees; 10,000 shortest 
trees were saved. Support was estimated by 1000 bootstrap (BS) replicates, 
saving only 5 trees per replicate and ten trees per bootstrap replicate. The data 
matrix is available from the senior author or at ftp://ftp.flmnh.ufl.edu/Public/ 
Marsilea/. 


Results 


In total, our dataset comprised 2629 characters for a total of 223 ingroup 
accessions, plus Pilularia americana A.Braun. We used existing sequence data 
for 33 accessions from 26 species and newly sequenced data for an additional 
190 accessions from 12 species Cable 1). 

Figure 1 (a, b, c) presents a single randomly-chosen maximum parsimony 

= 743; 

0.96; ACCTRAN 


(MP) phylogram out of 10,000 shortest trees saved. Tree length 


consistency index (Cl) 


0.80; retention index (RI) 


optimization. BS values are indicated by line thickness and shading of branches. 

The DNA data revealed that several specimens sampled in this study were 
misdetermined (based upon their anomalous placement in the tree and 
reexamination of the voucher specimens). DNA data were especially effective 
in clarifying the identification of sterile specimens of both North American 
and introduced origin. 

The cladogram is distinguished by a basal dichotomy separating two 
strongly supported clades, earlier designated informally as Groups I and II 
(Schneider and Pryer, 2001: Nagalingum et al., 2007). Group I comprises 
informal subgroups “mutica’VA and “clemys’VB, and Group II includes 


subgroups “capensis 




t i 


macrocarp a 


f * 


“nubica”, “marsilea I—III”, and “no- 


dorhizae I—IV”, here designated Clades C through H, respectively. Clades A 
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and C—H are Old World (Launert, 1968) and Clades A—G have glabrous leaves. 
Clade H includes hairy-leafed species from Australia. Clades I, J, K, and L are 
New World, have hairy leaves typical of the semi-aquatic ecotype, and include 
the majority of the specimens sequenced in this study. These latter four clades 
are united by high BS support into a single clade that corresponds to Johnson’s 
Marsilea sect. Nodorhizae (Johnson, 1986; Nagalingum et al., 2007), which 
includes six species (plus many names that Johnson synonymized). 

Clade A is monotypic, consisting only of M. mutica Mett. It is clearly distinct 
from all other taxa in terms of DNA sequence and morphology, with its two- 
toned leaflets and petioles inflated at the apex to function as air bladders for 
floating leaves. This species has elliptical sporocarps that lack a transverse 
vein, are borne at the base of the petiole, and are either solitary or in clusters of 
2—4 on branched pedicels. Indigenous to Australia and New Caledonia, M. 
mutica may be the most popular species in the water garden trade. The 
southeastern U.S. specimens plus one from Oklahoma are genetically distinct 
from specimens from Arizona and Virginia, a result suggestive of at least two 
distinct geographic origins for material introduced into the U.S. 

Clade B includes several species that share the distinctive feature of linear 
rows of globose sporocarps borne on the petiole and a transverse sporocarp 
veining; this clade corresponds to Marsilea sect. Clemys (Johnson, 1986, 1988). 
The inclusion of M. scalanpes and M. deflexa in this clade confirms their 
hypothesized placement in the clemys subgroup (Nagalingum et al., 2007). 
However, these plastid data do not resolve the sampled taxa into monophyletic 
species. There are two well-supported (between 90-100% BS) clades, both of 
which include samples of M. polycarpa Hook. & Grev. and M. deflexa. The non- 
monophyly of species in this clade and Johnson’s (1986) putative designation of 
hybrids of these species may warrant a reexamination of determinations of these 
specimens and/or species concepts. Sample #175 from Nicaragua is sterile and 
its determination as M. deflexa is tentative. 

Clade C contains five Alrican species: M. capensis A.Braun, M. gibba 
A.Braun, M. crenulata Desv., M. distorta, and M. coromandelina, which as 
described by Launert (1968) are all of the glabrous leaflet type. Although this 
clade is strongly supported (100% BS), the plastid data fail to fully resolve 
relationships among these species. 

Clade D contains eight African species: M. schelpeana Launert, M. aegvptica 

Willd., M. botryocarpa Ballard, M. ephippiocarpa Alston, M. farinosa Launert, 

and M. macrocarpa C.Presl, and partial plastid data also place M. vera Launert 

and M. villifolia Brem. & Oberm. ex Alston & Schelpe in this clade. In contrast 

to Clade C, all eight species of Clade D are of the hairy leaflet type (Launert, 
1968). 

Clade E consists of two samples of M. nubica A.Braun, a glabrous species 
from Africa that forms abundant colonies (Launert, 1968). 

Clade F consists entirely of M. quadrifolia L., the type species of the genus, 
the only glabrous species from a cool-temperate climate, and a protected 
species in Europe. Four accessions from different continents, both native and 
introduced in range, display little sequence variation. 
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1 lade G is moderately supported (84% BS) and includes a single accession 
of the African species M. fadeniana Launert, several Asian accessions of M. 
crenata C.Presl, and numerous accessions of M. minuta L., including several 
from introduced populations in the southeastern U.S. and Trinidad. The M. 
crenata - M. minuta complex is one of the largest and most variable groups 
within the genus (Launert, 1968). Earlier molecular data showed that M. 
crenata was nested within M. minuta (Nagalingum et al., 2007), and the 
addition of more accessions provides additional evidence that the two taxa are 
likely conspecific. Three samples from Trinidad (introduced) form a 
moderately supported clade with samples from Kenya and Nigeria. A single 
accession (#138) originally determined as M. hirsuta was probably misde- 
termined, but was not available for examination. 

Clade H includes Australian hairv-leaved species: M. drummondii A.Braun, 
M. exarata, M. hirsuta R.Br., M. angustifolia R.Br., and M. costulifera. There are 
several subclades resolved, but only one has high (90—100%) bootstrap 
support. None of the species within this clade are resolved as monophyletic. 
DNA data fail to distinguish M. hirsuta from M. angustifolia. Morphologically, 
M. angustifolia differs from M. hirsuta in having smaller and more elongated 
leaves and smaller sporocarps (Aston, 1973). These characters, however, are 
typically considered insufficient for species distinction within the genus 
(Launert, 1968). This clade includes a single specimen (#131) determined as 
M. crenata; it is probably misdetermined, as all other specimens of M. crenata 
fall in Clade G. 

The majority of the specimens sampled are in Clades I, J. K. and L; these 
form a highly supported group that include all species native to North and 
South America. Species within each clade are poorly resolved due to low 
sequence divergence. Both clades K and L include members of a complex of 
mainly North American species related to M. vestita Hook. & Grev. and M. 
oligospora. Although they receive moderate to high bootstrap support, clades 
K and L correlate strongly with geographic origin (K=U.S. Gulf coastal plain, 
Yucatan, Mexico, and the northern Caribbean; L= Mexico, western U.S., and 
Hawaii), but not with accepted species concepts. 

Clade I consists primarily of accessions of M. mollis B.L.Rob. & Fernald from 
north central Mexico, Arizona, and one from Bolivia. One specimen from 
Zacatecas, Mexico is determined as M. mexicana : the molecular data do not 


distinguish it from M. mollis. 

Clade J has partially resolved but unsupported internal structure and 
includes M. aff. oligospora from Florida, M. ancylopoda from west-central 
Mexico, Puerto Rico and northeastern Argentina, plus one sterile sample 
(#187) originally determined as M. mollis from Andean Ecuador (Lago San 
Pablo). Johnson (1986) cited three sterile collections of M. mollis from this 
same lake and suggested that many sterile Andean collections above 1500 m 
are probably referable to M. mollis. Our molecular data indicate these 
Ecuadorian collections are not M. mollis, but instead belong to this clade that 
includes M. ancylopoda. 
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Sample #38 (M. vestita from Louisiana) is sister to all other taxa in this clade 
in the strict consensus of all trees; its anomalous placement caused us to 
resequence this specimen, but the second sequence was identical to the first. 

Clade K includes specimens of M. vestita, M. macropoda, and one of M. 
uncinata from the Gulf coastal plain of the southeastern U.S., together with 
several accessions of M. nashii from Yucatan and the northern Caribbean. 
Johnson (1986) regarded M. uncinata as a synonym of M. vestita, but 
considered M. nashii to be a valid species distinguished by its strongly 
nodding sporocarps (vs. slightly nodding to ascending in M. vestita), a feature 
which we have found to vary greatly across and within species, presumably in 
response to the microenvironment under which sporocarps develop. The 
molecular data provide no resolution within this clade. 

Clade L consists mostly of specimens of M. vestita and M. oligospora from 
central Texas through the western United States and northwestern Mexico, 
plus a specimen of M. mucronata A.Braun from California, which Johnson 
(1986) regarded as a synonym of M vestita. It also includes two specimens of 
M. ancylopoda from Venezuela and Peru, but they are not resolved as sister 
taxa. The clade also includes several accessions of M. villosa Kaulf., an 
endangered Hawaiian endemic, which form a weakly supported clade with M. 
vestita and M. fournieri, both from Baja California, Mexico. Johnson (1986) 
considered M. fournieri C.Chr. to be a small-leaved form of M. vestita. This tree 
is consistent with the hypothesis that M. villosa arose via long-distance 
dispersal of M. vestita from western Mexico to the dry lowlands of Moloka’i, 
Ni’ihau, and O’ahu where seasonal flooding of shallow depressions offers 
restricted habitats (Wester, 1994). This clade also includes samples of M. 
oligospora from northern California and Idaho; the type locality of this species 
is in Wyoming (see discussion of M. aff. oligospora in Florida in clade J). The 
ten samples of M. oligospora are not monophyletic and are scattered 
throughout tills clade, but without resolution or support. 


Discussion 

Evaluation of Florida Marsilea aff. oligospora 

Based on our phylogenetic trees, the eight accessions of M. aff. oligospora 
from central Florida (samples 30-37) fall within Clade J; these plants form a 
weakly supported clade distinct from all others and are sister to M. ancylopoda 
from Mexico and Argentina. These eight plants also share a four basepair 
insertion in the trnL-F spacer that is absent in all other Marsilea; this indel is 
an unambiguous synapomorphy that distinguishes these Florida plants. Jacono 
and Johnson (2006) tentatively identified these populations as M. aff. 
oligospora, although noting subtle morphological differences from western 
U.S. M. oligospora, and they regarded the Florida populations as introductions 
from the western U.S. Our data contradict their hypothesis; “true” M. 
oligospora (e.g., samples 93 and 94, from near the type locality in the western 
U.S.; Jackson Hole, Wyoming) fall in clade L, and our data clearly distinguish 
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the Florida populations from all other taxa. The molecular data indicate that 
these Florida populations are nested within M. ancylopoda from Mexico, 
Puerto Rico, Argentina, and Ecuador (based on current sampling). 

According to Johnson’s (1986) morphological concept of M. ancylopoda, the 
species includes considerable variation in sporocarp morphology, but the 
sporocarps always lack a superior tooth. The Florida populations of M. aff. 
oligospora (sensu Jacono and Johnson, 2006) bear sporocarps with prominent 
tooth. The presence of toothed and toothless taxa together in Clade J indicate 
that this character may be homoplasious and may not provide reliable 
characters for diagnosis of species, at least within this species complex. 

The data show that central Florida specimens of M. aff. oligospora (samples 
30—37) are distinct from all other sampled Marsilea and might represent an 
undescribed species or a morphological and molecular variant of M. 
ancylopoda. We are unable to match them with Marsilea from any other 
geographic locality. Our sampling of the Caribbean, Central America, and 
northern South America is poor, and more extensive sampling might provide a 
match for the Florida populations. The type of M. ancylopoda is from coastal 
arid lowlands just north of the Gulf of Guayaquil, Ecuador. Future studies 
should include material from the type locality. Although our sampling does 
not include material from the type locality of M. ancylopoda, it does include 
Peruvian material from similar low-lying habitats along the arid west coastal 
strip of South America. This specimen (#177, Llatas fr Quiroz 2401), is in 
Clade L where it groups weakly with M. vestita from the desert regions of New 
Mexico and Arizona. Additional sampling from low elevation neotropical 
localities is also needed to seek matches for M. ancylopoda from west-central 
Mexico and northeastern Argentina, as included in Clade J of this study. Until 
further sampling yields a match for the Florida plants, we suggest that the 
populations should be regarded as endemic and given protected status by 
vegetation managers until its status as native or alien is resolved more 
definitively. 


Evaluation of Morphological Species Concepts in Marsilea Section Nodorhizae 

These plastid data provide an independent dataset with which to evaluate 
morphological species concepts in Marsilea, especially for the North American 
species that were heavily sampled. The failure of the plastid data to resolve 
specimens into clades that correspond to morphospecies is most obvious in 
Marsilea sect. Nodorhizae [M. oligospora, M. mollis, M. villosa, M. vestita, M. 
macropoda, M. nashii, and M ancylopoda). Instead, plastid data group these 
seven species into four distinct clades with strong geographic structure that 
correspond to climactic and habitat zones: Clade L includes western North 
American accessions from ephemeral ponds in arid climates; Clade K includes 
plants from humid, seasonally influenced low elevation floodplains and wet 
depressions of the Gulf coastal plain, Florida, and the northern Caribbean; 
Clade I consists only of M. mollis from Arizona to Bolivia: Clade J includes M. 
ancylopoda (from Mexico and Argentina), the central Florida material (Af. aff. 
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ancylopoda) and nearby Puerto Rico, plus a geographically disparate accession 

from the montane highlands of north central Ecuador and an aberrant sterile 
specimen from Louisiana (#038). 

The incongruence of these plastid trees and the currently accepted species of 
Marsilea may have several explanations, which we discuss below. Extensive 
hybridization among Marsilea species might have led to chloroplast capture of 
a single plastid type among many species resulting in plastid trees that do not 
accurately reflect phylogenetic relationships. Johnson (1986) cited several 
specimens as putative interspecific hybrids, based solely on interpretation of 
subtle morphological characters. To our knowledge, no one has created 
artificial Marsilea hybrids, nor used molecular data to demonstrate the 
parental origin of putative hybrids. Additionally, the non-monophyly of 
species may be due to incomplete lineage sorting. However, we did not 

examine the individual gene trees to determine if this could be the cause of 
non-monophyly. 

The absence of monophyletic species may also be due to the presence of 
cryptic species. This is exemplified by our finding that the plants originally 
identified as M. aff. oligospora are a potentially undescribed species (see 
above). These plants display subtle morphological differences compared to all 
other known Marsilea, and molecular data indicate that they have a unique 
molecular signature as well. Therefore, it is possible that through more intense 
sampling and reassessment of morphology, the non-monophyletic species may 
reveal the presence ol underlying cryptic species. 

Through our analyses we discovered several accessions that were misiden- 
tified, and it is possible that some of polyphyletic species are due to 
identification errors. However, given the extent of polyphyletic species (and 
that many specimens were annotated by D.M. Johnson), we suggest that this is 

unlikelv- 

*/ 

A final explanation for failure of the existing alpha-taxonomy could be an 
inflated number of species within Marsilea sect. Nodorhizae (clades J, K, L). 
Many species of Marsilea are based upon subtle morphological traits that are 
phenotypically plastic or that represent homoplasious local adaptations to 
environmental conditions. We found that plant size, leaflet size, extent of 
leaflet hairiness, the angle and extent of sporocarp nodding, and the curvature 
of the peduncle demonstrated variability that might preclude their taxonomic 
utility for species delimitation. 

It was beyond the scope of this project to re-examine all of the specimens 
used in this study. 1 iowever, we suggest that future work include re¬ 
examination of the morphology of multiple accessions within a phylogenetic 
framework to ascertain the reliability of the existing characters for species 
delimitation and to determine if cryptic species are present. There is also the 
need for more extensive sampling and sequencing of more variable plastid 
regions, to be contrasted with nuclear gene data sets, which will provide a 
better framework to settle questions of hybridization and incomplete lineage 

sorting as well as provide greater resolution and support for the relationship 
among species. 
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Conclusions 

Using the extensively sampled phylogeny, we found that Florida plants 
earlier identified as M. aff. oligospora possess a unique molecular signature (an 
insertion in the trnL-F spacer) but morphological characters that distinguish it 
from other taxa in M. sect. Nodorhizae are subtle and require more detailed 
analyses (Jacono and Johnson, 2006). It is possible that these plants represent 
an undescribed, cryptic species endemic to Florida, or a geographically 
restricted variant of an existing species. Our plastid trees reveal the same major 
clades as the previous study by Nagalingum et al. (2007). Although our 
increased taxon sampling reveals no conflicts, many species are not resolved 
as monophyletic within these informally named clades. We were unable to 
determine if this is due to hybridization, incomplete lineage sorting, 
misidentification of specimens, the presence of cryptic species, and/or 
inappropriate morphological characters for species delimitation—the present 
data are inadequate to resolve these large taxonomic questions. We advise that 
the existing alpha-taxonomic classification and circumscription of species in 
Marsilea, especially M. sect. Nodorhizae, should be treated with caution. 
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